Abstract-α-(1→2)-Mannosidase I from the endoplasmic reticulum (ERManI), a Family 47 glycoside hydrolase, is a key enzyme in the N-glycan synthesis pathway. Catalytic-domain crystal structures of yeast and human ERMan1s have been determined, the former with a hydrolytic product and the latter without ligands, with the inhibitors 1-deoxymannojirimycin and kifunensine, and with a thiodisaccharide substrate analog. Both inhibitors were bound at the base of the funnel-shaped active site as the unusual 1 C 4 conformer, while the substrate analog glycon is a 3 S 1
conformer. In the current study, AutoDock was used to dock α-D-mannopyranosyl-(1→2)-α-D- 9 GlcNAc 2 by removing a mannosyl residue from the middle branch of the oligosaccharide structure. [1] [2] [3] ERManIs belong to glycoside hydrolase Family 47 4 (GH47) by sequence homology. Catalytic-domain crystal structures of human 5, 6 and Saccharomyces cerevisiae 7 ERManIs have been determined; they have an unusual (α,α) 7 -barrel structure, with a C-terminal β-hairpin protruding into the barrel from one side to plug it. The other end of the barrel forms a ~25 Å-wide funnelshaped cavity that narrows to ~10 Å at the funnel-tube neck. A Ca 2+ ion sits at its end.
In the S. cerevisiae ERManI crystal structure, the hydrolytic product Man 8 GlcNAc 2 isomer B, N-linked to one protein molecule, extends into the barrel of the adjacent symmetry-related molecule, interacting with its active site. 7 Human ERManI structures have been determined with no ligands, 5 with the inhibitors 1-deoxymannojirimycin (DMJ) and kifunensine (KIF), 5 and with the thiosaccharide substrate analog methyl 2-S-(α-D-mannopyranosyl)-2-thio-α-D-mannopyranoside (S-Man 2 ). 6 Both inhibitors bind at the base of the funnel-shaped active site in the unusual 1 C 4 conformation, with their positions corresponding to the expected position of the middle-arm mannosyl residue of Man 9 GlcNAc 2 had it not been hydrolyzed in the S. cerevisiae ERManI crystal structure. The S-Man 2 glycon is found in the novel 3 S 1 conformation.
The combined information of the human and yeast structures can be extrapolated through computational docking to predict the bound conformation of the substrate Man 9 GlcNAc 2 in the yeast ERManI active site. We used AutoDock, 8 a small-molecule docking program, to do this. 9 Docking α-D-mannopyranosyl-(1→2)-α-D-mannopyranose (Man 2 ) in the active site helped to establish the identity of the catalytic base (Glu435) of this enzyme, whose assignment was ambiguous due to the absence of the middle-arm mannosyl residue in the yeast ERManI crystal structure. The E 4 conformation of the glycon mannosyl residue was predicted as the transition state (TS) based on the available structural information of the ligands in the human and yeast crystal structures. However, this conformation has been suggested as an unlikely TS candidate due to a syn-axial interaction between the bulky C-5 hydroxymethyl group and the C-3 hydroxyl group, 10 the 3 H 4 conformation instead being a better candidate. 6, 10 Also, stereoelectronic theory requires that the scissile glycosidic C 1 -O G bond be antiperiplanar to a lone pair of electrons on the ring oxygen atom for subsequent ring distortion to the TS. 11 Since the glycosidic bond is equatorial in the 1 C 4 conformer and is not antiperiplanar to the ring oxygen lone pair, the glycon would have to adopt a skew-boat conformation that agrees with the antiperiplanar requirement en route to the TS. The aim of the present work, therefore, is twofold -to use computational docking by AutoDock to establish the TS conformation, and also to determine the conformational itinerary of the glycon as it progresses to the TS.
AutoDock predicts where a ligand binds on the surface of a macromolecule, such as a protein or DNA, whose tertiary structure is known. 8 AutoDock treats the macromolecule as rigid, while the ligand is allowed torsional flexibility. Although conformational changes are often observed upon ligand binding to enzymes, the treatment in this case is a reasonable one, since human and yeast ERManI active sites are practically identical, and as binding of DMJ and KIF in the human ERManI active site causes insignificant side-chain rearrangements in their respective crystal structures.
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AutoDock computes the nonbonded interaction energy between ligand and macromolecule, the problem therefore being searching the ligand conformational space in the vicinity of the macromolecule to find the conformation with the lowest interaction energy. The AutoDock suite provides four different ways to search this conformational space: simulated annealing algorithm (SAA), genetic algorithm (GA), Lamarckian genetic algorithm (LGA), and local search (LS), the last based on the Solis and Wets (SW) method.
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The SAA is slow 8 and therefore it was not employed in this work. The GA is based on the Darwinian principles of selection, random mutation, and crossover. In the AutoDock implementation of the GA, the genes are a string of real values representing the translation, orientation, and torsional angles for the various ligand torsions. An initial random population with a userdefined number of ligand conformations is generated, and this is then subjected to selection, mutation, and crossover, resulting in a new population constituting the next generation of individuals. The process is repeated over a user-defined number of generations, and the individual with the lowest binding energy is finally reported by AutoDock. The LGA is an extension of the GA, and is so called because the processes of selection, mutation, and crossover on every generation of population are followed by a LS, and the changes due to the LS are inherited by the next generation. Of the SAA, GA, and LGA, the last is the most efficient in searching the ligand conformational space for the best docking energy. 8 Ab initio studies on model compounds 13, 14 and on sugar and sugar analogs in solution 15, 16 as well as under specific enzymatic configurations 17, 18 have helped to establish many important aspects of the glycolysis reaction, such as the nature of the oxocarbenium cation that forms the TS as well as the ring distortions that accompany this transition. Since AutoDock primarily docks by packing van der Waals spheres between a conformationally fixed sugar ligand (torsional changes are allowed in the hydroxyl groups and the C-5 carboxymethyl group, but the ring pucker remains unchanged) and a rigid enzyme, it cannot model the continuous transition of the substrate to the TS. However, the reduced computational expense compared to ab initio studies allows us to easily dock many putative intermediates in the conformational itinerary to the TS, to aid in understanding the glycolysis mechanism.
In addition to the ERManI study, we have used AutoDock to understand enzyme structure- 
Theory and procedures

Iterative minimization
As the different docked ligand conformers have identical chemical compositions, and as some of these conformers are quite close to each other in the spatial arrangement of their constituent atoms, the search for the optimal docked conformer had to be very rigorous to ensure that it was as close as possible to the global minimum and was not in a local minimum. This was accomplished through the iterative minimization protocol outlined in Fig. 1 were then subjected to further minimization using an iterative SWLS procedure, in which the best docked conformation of an LS run is used as the starting conformation for the next LS iteration. Thirty iterations were conducted in an iterative minimization run, which was performed five times on the best docked conformations of each of the six LGA and pSW runs (Fig. 1 ).
The pyranosyl ring structure results in high densities of hydroxyl groups capable of forming hydrogen bonds in protein-carbohydrate interactions. Also important are hydrophobic stacking interactions, often with aromatic residues. 26 Since hydrogen-bonding interactions are an order of magnitude stronger than van der Waals interactions and have directional dependence, thorough local optimization of the ligand is essential to accurately predict docked energies. This is evident Table 1 . The best docked conformation can result from any one of the six starting conformations, implying that most of the ligands were trapped in local minima, further emphasizing the value of different starting points.
Calculation of docked energies and RMSDs
The docked ligand energy (E Total ) reported by AutoDock is a sum of the enzyme-ligand interaction energy (E Inter ) and the ligand internal energy (E Intra ). Since torsional flexibility is modeled in the ligand by assigning random changes to torsions, evaluation of E Intra is necessary so that AutoDock can energetically penalize ligands generated with unreasonable geometries. 25 reported MM3 isoenergy contour maps for ring conformations of various aldopyranoses on a two-dimensional Cremer-Pople θ-φ space, where θ and φ represent the relative orientation of puckering about the ring. Ideal chair forms are at θ = 0° and 180°, with boat and skew-boat forms at θ = 90° and envelope and half-chair forms at θ = 60° and 120°. The isoenergy contour lines based on the low-energy 4 C 1 conformation on the Cremer-Pople space for α-D-mannopyranose are reproduced here for convenience (Fig. 3) .
In human ERManI crystal structures, the mannosyl analog DMJ is bound in the active site in the unusual 1 C 4 conformation. 5 For α-D-mannopyranose, the 1 C 4 and O S 2 conformations have MM3 steric energies of 4.38 and 4.24 kcal/mol, respectively, higher than that of the 4 C 1 conformation. 25 This implies that their equilibrium concentrations in solution at 298 K would bẽ 0.06% of the total α-D-mannopyranose concentration in solution. In a previous docking study 9 we suggested that, due to the narrowness of the neck of the funnel-like active-site opening, the 4 C 1 conformation with a predominantly equatorial orientation of its ring substituents would be too wide to enter the narrow active site, and therefore the enzyme selectively binds the higher- (Fig. 4) . Since only E Inter values were used to compare docked conformers, and since AutoDock's evaluation method for E Intra is not accurate, we also retrieved docked conformers with the lowest E Inter values, which in most cases were not the conformers with the lowest E Total values. These E Inter values and their RMSDs from the crystal structures were also plotted (Fig. 4b) . General trends in energies and RMSDs for Set B conformers are the same in both cases, and again Set B conformers dock better than Set A conformers.
For conformers predicted to be in the three possible TS pathways, E RMSD from the crystal-structure ligands is high.
Force computations
Computed forces on ligand atoms can be useful in gaining information on the ligand dynamics in the active site 23 since forces are vectors and capture information that scalar energies do not. The effect of the forces on docked ligands was studied in two ways -scalar sums of all the forces on ligand atoms were computed to obtain the total distorting force of the enzyme on the docked ligands (Table 2) , and individual forces on ligand hydroxyl groups were qualitatively analyzed to find the direction of the conformational twist caused by these forces.
The total distortion forces on the conformers thought to be part of the TS pathway are listed in Table 2 conformers, the force is the same or significantly higher for the conformer with the lowest docked E Inter value, which implies that greater interaction with the enzyme (lower E Inter values) leads to greater stress (higher E Intra values) on those conformers. This is similar to the process by which the high-energy substrate TS is stabilized in the enzyme active site through increased enzyme-substrate interactions, evidently achieved by greater steric complementarity with the TS compared to the relaxed conformation of the substrate. For conformers with the lowest docked E Total values, the total distortion force increases with decreasing E Inter values, a trend consistent with expecting increased stress on the ligand as it approaches the TS. Since no such trend is observed in the total distortion force for the ligands with lowest docked E Inter values, these probably do not represent optimal docked conformations. The energy function of AutoDock, therefore, seems to be capable of capturing changes to the E Intra value of the ligand when it is allowed torsional flexibility. In the following analysis of the conformational twist induced by forces on the ligand atoms, we therefore have chosen ligands with the lowest docked E Total values.
Hydrogen bonding forces are an order of magnitude stronger than van der Waals forces 23 and are therefore key to generating the conformational changes that lead to the TS. We have demonstrated how computation of forces along with energies can give useful insights into enzyme function. 23, 24 We showed, for example, that GH7 cellulases owe their processivity to a force on the substrate by the enzyme that pulls it along the active site. We also showed how these forces are involved in stabilizing the TS, or in keeping the highly specific enzyme-substrate interaction from clogging the active site.
In this work, since our goal was to predict the conformational itinerary to the TS, we were interested to see if the forces on individual atoms of docked Man 2 conformers would carry information about how they were twisted. The problem here, therefore, is to gauge the trajectory of a conformer that is acted upon by several forces in different directions, each of these forces acting upon different torsional axes of rotation. To simplify this problem, we have used a simple and intuitive scheme to help us obtain a qualitative sense for the direction of conformational twist.
We have listed the orientations of all the ring substituents (defined in Fig. 5 ) of all 38 Man 2 conformers in Fig. 6 . Only sufficiently large forces (>10 pN) were considered, which automatically ruled out van der Waals forces. Components of the hydrogen bonding forces orthogonal to the ring torsional axis were visually observed to predict the effect of that force on the substituent orientation, which is shown by arrows next to individual substituents of docked ligands (Fig. 6) .
As an example, forces on optimally docked 3 H 2 ligand are shown in Fig. 7 . The information in surface. However, it is expected that the additive effect of several external forces on the hydroxyl groups is necessary to force the glycon conformation to move toward its high-energy TS.
Therefore, a higher assigned weight for a given transformation points to a higher probability of its occurrence. Points can similarly be assigned for conformer stabilization, an important consideration for the putative TS conformations, since enzymes are believed to operate through TS stabilization. The assigned points for individual transformations derived from Fig. 6 are indicated in a pseudorotational map of pyranose ring conformations, along with conformer stabilization points for 3 E, 3 H 4 , and E 4 , the three putative TSs (Fig. 8) .
Several patterns emerge from this information. These results are also consistent with our earlier hypothesis that the enzyme selectively binds Man 2 -1 C 4 over Man 2 -4 C 1 , even though the latter docks with a lower E Inter than the former. Also, the forces on the latter (Fig. 6) indicate that it cannot distort to the TS. The Ca +2 at the base of the active site is coordinated to O-2 and O-3 hydroxyl groups of all the conformers predicted to be in the TS pathway and is therefore prominently involved in the distortion of the substrate to the TS.
It should be noted that the pathway from the TS back to the ground-state conformation of product β-mannopyranose-3 E complexed to ERManI is not necessarily the same as the pathway of complexed Man 2 -1 C 4 to the TS. Although it is probable that β-mannopyranose-1 C 4 will be attained, the presence of a β-monosaccharide rather than an α-linked disaccharide leads to significantly different steric energy contours 25 and molecular dimensions.
The force analysis also raises several pertinent questions about the enzyme mechanism. The force calculations suggest that the enzyme active site may help to distort the substrate to its TS.
Most enzymes have concave active sites with their amino acid residue side chains closely packed together, leading to fairly rigid conformations. Do enzymes, therefore, achieve their remarkable rate enhancements through carefully positioned hydrogen bonding residues that direct conformational change to the TS? Is the 1043 pN (Table 2 ) strain generated on the TS sufficient to counter its internal strain? Vector sums of forces on all the atoms of the docked inhibitors DMJ and KIF are 286 pN and 298 pN, respectively (Fig. 9) , the former with a significant outward component and the latter with an inward component. This agrees with KIF's being a much stronger inhibitor of ERManI, with an IC 50 of 0.2 µM compared to 20 µM for DMJ. 5 It is likely that inhibitor strength is inversely dependent on its turnover rate, which in turn may depend upon how strongly the enzyme pulls the molecule into, or pushes it away, from its active site. Thus, visualizing the forces on docked ligands may yield information about the binding kinetics of a ligand that cannot be inferred from binding enthalpies alone.
Catalytic water molecules
Incorporating structural water molecules complicates docking in several ways, since it is not possible to dock two or more ligands in the active site simultaneously with AutoDock. Minimizing a water molecule before introducing an organic ligand can result in wrong binding energies, since the hydrogen bonding pattern of the included water molecule can change upon introducing the ligand into the active site. Therefore it is standard practice to not include any water molecules during docking, unless their presence is necessary to reproduce a crystal ligand by docking as a control, or unless they are essential for understanding the catalytic mechanism. In the latter case, it would be better to dock the more mobile water molecules after ligand docking to correctly predict hydrogen bonding in the ligand's presence.
Two water molecules have been implicated in the yeast ERManI catalytic mechanism. W195 appears to mediate proton donation by the catalytic acid, while W54 is activated by the catalytic base for nucleophilic attack on the C-1 atom of the mannosyl residue in subsite -1 of Man 2 . 7 To gain insights into their functions, we earlier docked these catalytic water molecules in the active site after docking Man 2 -E 4 there. 9 Here, since Man 2 -3 E is the most likely TS conformer, we docked it and then W54 and W195. The two water molecules docked with energies of -29.70
kcal/mol and -29.44 kcal/mol, respectively, and with RMSDs of 0.77 Å and 0.36 Å to crystalstructure W54 and W195, respectively. As we suggested earlier, 9 Glu435 seems to be the catalytic base and W195 seems to mediate proton donation.
Conclusions
The growing importance of carbohydrate-binding proteins as potential drug targets has led to increased interest in modeling carbohydrate-protein interactions. 27 Knowledge of TS geometry is not only essential for understanding enzyme mechanism but is also useful in inhibitor design.
In this study we report the use of the docking software AutoDock to identify the conformational Karaveg et al. 6 and therefore lends validity to their predictions.
Computational methods
Conformational modeling
Different glycon conformations of Man 2 were generated using PCModel (Serena Software, Bloomington, IN) by constraining the planar ring atoms for a given conformation and then mini-mizing with its MM3 force field. 30 For example, 3 S 1 was generated by restricting C-2, C-4, C-5,
and O-5 to a plane through torsional constraints and then minimizing the conformation with these constraints.
Energy calculations
Both polar and nonpolar hydrogens were explicitly modeled in both protein and ligands, the former with Lennard-Jones 12-10 hydrogen-bonding parameters and the latter with 12-6 parameters. Hydrogen atoms were added to the yeast ERManI (PDB ID 1DL2) using the What If molecular modeling program. 31 All water molecules were removed while docking. All-atom charges of the Amber force field 32 were used to assign partial charges to the protein atoms.
Hydrogen atoms were added to the ligand using Babel 33 and partial charges were generated with MOPAC 34 using the PM3 Hamiltonian. The grid maps for the van der Waals and electrostatic energies were generated with 101 x 101 x 101 grid-points spaced at 0.375 Å and were centered on the Ca 2+ ion at the base of the active site. The effect on substrate binding of the Ca 2+ ion was recognized by using the same parameters for it as those used by Allen et al. 35 Self-consistent Lennard-Jones potentials of AutoDock 1.0 before multiplication by the free-energy model coefficients were used to evaluate nonbonded interaction energies, since they best reproduce the crystal ligands and also because unweighted parameters are necessary to calculate forces on docked ligands. Electrostatic interactions were evaluated using a distance-dependent dielectric constant to model solvation effects. Only the two water molecules mentioned in Section 3.3
were explicitly modeled, and only to confirm their function after Man 2 -3 E was docked.
For the LGA, the initial population had 50 individuals, the maximal number of energy evaluations was 1.5 x 10performing a local search on an individual was 1.0, the maximal number of consecutive successes or failures before doubling or halving the step size of the local search was 4, and the local search was terminated when the step size was <0.01. A total of 100 LGA dockings were performed in a docking run. For the three pSWLS runs on the starting conformation, the local search parameters were the same as those used in the LS component of the LGA. A total of 200 pSWLS dockings were performed in a docking run. The SWLS parameters in the iterative minimization were the same as those used for the pSWLS runs.
Force calculations
Since AutoDock outputs an energy grid, forces can be computed from them by − ∇ E = F, where ∇ is the gradient operator
and where i, j, and k are unit vectors in the x, y, and z directions, E is the potential energy, and F is the force experienced by the ligand atom. For a sufficiently fine grid, the difference between the potentials of adjacent grid points divided by the distance between them can be used to compute the force on the atom in the x, y, and z directions to obtain a force vector on the atom. A grid distance of 10 -8 Å led to convergence of force values. Also, the precision of the output energies in the grid files had to be changed from float to double to obtain sufficient resolution for force-value convergence. Forces due to van der Waals as well as electrostatic interactions were evaluated. To minimize this computation, computed subgrids were separately centered around every individual ligand atom.
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